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Ro~,overin, a new calcium binding protein from bovine rod photor~¢ptor  cells, activates guanylyl cyclase below a free calcium conoentration of
200 nM. We show here that r~over in  is phosphorylated by an etldogcneous kinase and Mg-A'FP at the same decreased calcium concentration. 
The calcium-dependent ac ivation of  guanylyl cyclase is enhanced in the presence of  ATP_ We suggest that phosphorylat ion f  recoverin reinforces 
the stim~alation of  guar~ylyl cyclas¢ at docreased calcium concentrations. 
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I.  INTRODUCTION 
V isua l  exc i ta t ion  in ver tebrate  photoreceptors  is me-  
d ia ted  by  a l ight - t r iggered  enzyme cascade  that  leads  to  
the  hydro lys i s  o f  the  in terna l  t ransmi t te r  guanos ine  
3" ,5" -cyc l i c  monophosphate  (cGMP) .  Subsequent  c los -  
ing  o f  the  cGMP-gated  cat ion  channe ls  p revents  the  
ent ry  o f  ca lc ium ions  in to  the  oel l .  Cont inuous  ext rus ion  
o f  ca lc ium v ia  a Na/Ca ,K  exchanger  resu l t s  in  the  
lower ing  o f  the  cytop lasmic  ca lc ium concent ra t ion  ( fo r  
recent  rev iews  see  [1 -3 ] ) .  The  in t race l lu la r  ca lc ium leve l  
d rops  f rom a dark  va lue  o f  3 (g ) - -4~ nM [4 -6]  to  a va lue  
near  o r  be low 100 nM [4]. The  te rminat ion  o f  the  en-  
zyme cascade  and  the  re -synthes is  o f  cGMP by  the  rod  
guany ly l  cyc lase  (GC)  resu l t s  in  the  res torat ion  o f  the  
dark  s ta te .  (3C  is  cooperat ive ly  ac t ivated  a t  low ca lc ium 
concent ra t ions  by  a nove l  ca lc ium b ind ing  prote in ,  
named recover in  [7 -9 ] .  The  b ind ing /unb ind ing  react ion  
o fca lc ium to  recover in  and  the  ac t ivat ion  o f  GC occurs  
between 100-300 nM f ree  ca lc ium [7 -9] .  The  decrease  
in  the  concent ra t ion  o f  ca lc ium and the  ac t ivat ion  o f  
GC are  par t  o f  a negat ive - feedback  loop  that  cont ro l s  
recovery  o f  the  l ight  response  and  l ight  adaptat ion  in 
ver tebrate  photorec~ptors  [10-12] .  
Phosphory la t ion  o f  i l l uminated  rhodops in  (Rho*)  by  
rhodops in  k inas¢  and  subsequent  te rminat ion  o f  Rho* -  
t ransduc in  coup l ing  by  ar res t in  a re  an  impor tant  par t  
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o f  the  te rminat ing  react ions  [I 3 -15] .  Other  phosphory | -  
a t ion  react ions  in photoreceptors  a re  cata lyzed  by  a 
pro te in  k inase  C [16-18]  and  cyc l i c  nuc leot ide -depen-  
dent  p ro te in  k inases  [19-  21]. Autophosphory la t ion  o f  
rhodops in  k inase  was  proposed  to  change the  a f f in i ty  
o f  rhodops in  k inase  to  rhodops in  [22]. The  phys io log i -  
ca l  s ign i f i cance  o f  most  phosphory la t ion  react ions  is 
st i l l  a mat ter  o f  d i scuss ion .  We repor t  here  the  phospho-  
ry la t ion  o f  recover in  wh ich  s t r i c t ly  depends  on  the  f ree  
ca lc ium concentcat ion .  We fur ther  show that  the  ca l -  
c ium-dependent  ac t ivat ion  o f  GC is enhanced in the  
presence  o f  ATP .  
2. MATERIALS  AND METHODS 
Rod outer segments (ROS) were prepared t¥om fresh bovine eyes 
according to a standard protoeo|  [23] with some taodifications [8]. The 
GC assay and the use of  calcitLm buffers were exactly as described 
previously [81. Rocoverin was isolated as published [8] with one change 
in the protocol: extracts of  soluble ROS proteins obtained after 
bleaching whole ROS were not denatured by a heat treatment. In- 
stead, soluble proteins were fractionated on a HiLoad 16/60 Superdex 
75 prep grade FPLC gel filtration column (Pharmacia) in a buffer 
containing 50 mM NaCI and 20 mM Tris-HCI, pH 8.0. Fractions 
containing rec~verin were pooled and further purified on a MonoQ 
anion exchange column. 
Extracts o f  soluble ROS proteins were obtained from dark kept 
IgOS in a buffer containing 10 mM Tris-HCI pH 8.01.  I mM DTT and 
0.5 mM PMSF by t~ntrifugation at 263 000 x g for 20 rain. Protein 
phosphorylat ion was performed by incubating these extracts {1.5-2 
mg protein/ml) for 30 rain at 30°C with a phosphorytation buffer 
containing: 75 mM NazHPO4, 25 mM NaH2PO,, pH 7.2, 12.5 mM 
MgCI 2. 0. !mM MgCI~, 0. I mM [y~zP]ATP (1 MCi) in 0. I mL Phospho- 
ry|ation was terminated by denaturation i 0.1 ml SDS sample buffer 
(3.2~[~, w/v SDS, 2% v/v 2-mevcaploethanol, 100 mM Tris-HCI, pH 
"/.6, 25% w/v glycerol, 0.02g~ w/v IBromophenol blue) at 4OoC for 20 
rain. In eKlx:rinmnts where the influence of  mernbrancs was t ,~stod wg 
incubated purified ROS {6-8 mS rhodopsin/ml) with the phosphoryla- 
l ion buffer. These reactions were terminated by adding ice-cold EDTA 
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(5 raM)  and ATP  ( 10 m~l )  Sample+ were centr i fuged (20 rain+ 40 0~ 
× g, 4oCL the p~llet (membraneous  f ract ion)  was  resuspcnded and  
denatured  in SDS sample  buffer,  the supcrnatant  (so lub le  f rac l ton)  
was aga in  centr i fuged (20 rain. 40 000 x g ,°C) and  d i lu ted  I : I wi th  
SDS sample  buffer. Exper iments  wi lh end ~nous  photorecep lor  pro- 
te l .  k inase C were per for raed accord ing  to [ 18 I. D i f ferenl  concent ra -  
t ions o f  free ca lc ium were adjuxted by di f feren! (Ca/EGTA ra l ios  a~ 
de~r ibed  prewous ly  [81. So lub le  and  membraneous  f ract ions  were 
ana lyzed  by SDS-PAGE 124]. The gel was  exposed  to a Kodak  X -omat  
X-ray t~Im ore 'might  at -g0°C .  Quan l i ta t ion  of  ~:P incorporat ion  into 
recoverin was  determined  by cu l l ing  the  r¢cover in prote in  band f rom 
a 8el. -rhe gel was  homo[gemzed i n  sc int i l la t ion flttid conta in ing  t issue 
so|abiliT~er and  counted  on  a sc in t i l la t ion  counter .  
3. RESULTS AND DISCUSSION 
Rccover in  was  phosphory la ted  when the  f rec  ca lc ium 
concent ra t ion  in the  phosphory la t ion  buf fe r  was  lower -  
ed  f rom >500 nM to  4 nM (F igs .  IB  and  2). S ign i f i cant  
phosphory la t ion  occur red  be low 200 nM free ca lc ium 
(F igs .  2A  and  B), wh ich  is exact ly  the  range  to  wh ich  
the  cytop lasmic  ca lc ium drops  a f te r  i l l uminat ion .  Thus  
phosphory la t ion  and  the  ca lc ium-dependent  ac t ivat ion  
o f  GC by recover in  occurs  at  the  same f ree ca lc ium 
concent ra t ion  (F igs .  2 and  3). No  in f luence  on  the  phos -  
phory la t lon  pat tern  o f  recover in  was  observed  in the  
presence  o f  cAMP and  phospho l ip ids .  P resence  o f  ROS 
membranes  dur ing  the  phos ,~)hory la t ion  assay  and  i l lu-  
minat ion  o f  ROS d id  not  in f luence  the  phosphory la t ion  
o f  r¢cover in .  No  autophosphory la t ion  was  detected .  
H igh  concent ra t ion  o f  cGMP (! raM)  inh ib i ted  the  
phosphoryta t ion  at  20 nM free ca lc ium.  A l though mag-  
nes ium is needed at  an eqx~L,~.olar concent ra t ion  to  
ATP .  var ia t ion  o f  i t s  concent ra t ion  between I - I  2 .5  mM 
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Fig. I. A:  SDS PAGE ana lys i s  on  a 12 .5~ acry lamide  gel. ( Lane  a)  
purified recoverin (3/~g); (lane b) extract of  soluble ROS proteins ( ! 5 
/~g). Prolein concentration was determined according to [28]. B: Aulo- 
radiogram of ~2P-phosphorylated soluble ROS proteins. Extracts of 
ROS proteins obtained from dark-'~dapted ROS were ~ncu'~ated in
phosphorylation buffer with and without calcium. Samples were ana- 
lyzed as in Materials and Methods. Arrow indicates band of recoverin 
(Rec). 
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Fig. 2. Ca lc ium-depcndent  phosphor?~lat ion f  rccovcr in .  A: Autora -  
d logram of  ~ZP-phosphorylated recover in.  Samples  were incuba led  
with our  phosphory la t ion  buf fer  at Ihe ind icated  free ca lc ium concen-  
t rat ion.  B: Phosphate  incorporat ion  into retzoverin de le rmined  front 
cut gel pieces. The  cor respond ing  autorad iogram is shown in A. 
had no  in f luence  on  the  phosphory la t ion  o f  recover in .  
The  phosphory la t ion  leve l  o f  rccover in  was  determined  
by  count ing  the  32p content  o f  cut  gel p ieces.  We esti+ 
mated  a phosphate  incorporat ion  o f  0 .15-0 .25  so l  Pi 
per  mo l  recover in  (4 -5  determinat ions )  assuming  that  
100,¢~v o fendo_  ~oenotl~ rec.c~veHn w~.  prc~ent  in an extrac~t 
o f  so lub le  ROS prote ins  (F ig .  ! A ,  l ane  b) obta ined  f rom 
dark  adapted  ROS and  tak ing  a ra t io  o f  recover in  to  
rhodops in  o f  1 : i00 .  Th is  ca lcu la t ion  is the  lowest  poss i -  
b le  es t imat ion  o f  phosphate  incorporat ion+ S ince  reco -  
ver in  is not  complete ly  removed f rom ROS a f te r  one  
ext rac t ion  s tep  (Lambrecht  and  Koch ,  unpub l i shed  ob-  
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Fig. 3. Ef f t~t o f  A.TP on  the ca lc ium-dependent  ac t ivat ion  o fguany ly l  
eyclasc.  Who le  dark -adapted  ROS were assayed  for  guany ly l  cyc lasc  
activity as described. (e) Incubation in the presence of 0.1 mM ATP; 
(c_~) control without ATP+ Data points represent triplicates with stand- 
ard dev ia t ion .  
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var ies  between I : 100 and  1:250 [8,9] phosphate  incorpo-  
ra t ion  may be as h igh as 0.5 mol  Pi per  mol  recovcvin.  
Ana lys i s  o f  the membraneous  f rac t ion  (see Mater ia l s  
and  Methods)  revea led  that  rod  GC [25,26], a ! 12 kDa 
prote in ,  was  not  phosphory la ted  under  our  assay  cond i -  
t ions  (data  not  shown) .  Incubat ion  o f  ROS with 0,1 mM 
ATP  enhanced the ca lc ium-dependent  ac t ivat ion  o f  GC 
(F ig .  3). The  effect was  most  p ronounced be low 200 nM 
free ca lc ium,  i.e. the range  o f  free ca lc ium where  phos -  
phory la t ion  becomes  s igni f icant .  GC act iv i t ies  were 
about  2- t imes h igher  in the presence  o f  ATP  than  in 
cont ro l  incubat ions  w i thout  ATP  (F ig .  3). We suppose  
that  th is  effect o f  ATP  is due  to  the phosphory la t ion  o f  
recover in .  Max imal  act iv i t ies  o f  C~ measured  at  low 
ca lc ium concent ra t ions  (<200 nM)  in the presence o f  
ATP  showed a var ia t ion  between 6 and 18 nmol /min /mg 
rhodops in .  Modu la t ion  o f  GC act iv i ty  by  phosphory la  
l ion o f  recover in  may exp la in  the d i f ferences o f  GC 
act iv i t ies  found in the l i te rature :  basa l  GC act iv i t ies  
range  f rom 0~6-2.4 nmol /min /mg rhodops in  and  in- 
c reased  GC act iv i t ies  range  f rom 6-20  nmol /min /mg 
rhodops in  [7-9]. Thus ,  these va lues  wou ld  reflect d i f fer-  
ent  amounts  o f  p re -phosphory la ted  r¢~over in in pur i -  
f ied ROS.  GC act iv i t ies  hown in F ig.  3 were cor rected  
for  hydroty¢ is  o f  cGMP by  measur ing  the recovery  o f  
[SH]cGMP [7,8]. Thus ,  the effect o f  ATP  shown in F ig .  
3 does  not  reflect the quench ing  o f  the PDE [1]. 
We tested whether  phospho l ip id -dependent  prote in  
k inase  C cata lyzed  this  phosphory la t ion  react ion .  
P rcparat ions  o f  enr iched  photorecep~or  kinae.e C~ 
k ind ly  prov ided  by  !. Weyand (Forschungszent ru~. l  
J i l l ich),  were  incubated  with pur i f ied  rccover in  (F ig .  I A ,  
lane a) in the presence  o f  phosphat idy l  ser ine (10 /2g/ 
assay) .  No  phosphory la t ion  above  or  be low 200 nM 
free ca lc ium was  observed .  P re - incubat ion  o f  who le  
ROS with the rhodops in  k inas~ ~nhibi tor  5"-[p-(f luoro- 
su l fony l )benzoy l ]adenos ine  [27] d id  not  p revent  phos -  
phory la t ion  o f  recover in .  These  exper iments  ind icate  
that  p ro te in  k inase  C and  rhodops in  k inase  are  proba-  
b ly  not  invo lved.  The  k inase  act iv i ty  is ext rac tab le  f rom 
ROS in a low ion ic  s t rength  buf fer  and  can  be separated  
f rom recover in  by  gel f i l t ra t ion  on  a Superdex  75 col -  
umn (Mater ia l s  and  Methods) .  I t s  ident i ty  and  how its 
ca lc ium dependence  can  be in terpreted ,  however ,  re- 
ma ins  unc lear .  The  effect o f  ca lc ium cou ld  be due  to  a 
conformat iona l  change o f  recover in .  It  wou ld  on ly  be- 
come a subst ra te  in its ca lc ium f r~ fo rm and/or  the 
k inase  on ly  operates  a t  a low ca lc ium eonoentrd* ion.  
We propose  that  the modu la t ion  o f  OC activit> by  
phosphory la t ion  o f  recover in  is an  add i t iona l  mecha-  
n i sm in the  recovery  o f  the  exc i ta t ion  s ignal  and  in l ight 
adaptat ion .  S ign i f icant  phosphory |a t ion  in v i t ro  was  
observed  a f te r  several  minutes  o f  incubat ion .  The  l ight-  
induced decrease  o f  ca lc ium there fore  wou ld  t r igger  at  
least  two  subsequent  events .  F i r s t ,  a f te r  a dela2r o f  a few 
hundred  mi l l i seconds  GC is ac t ivated  by  recover in .  Sec~ 
ond,  constant  i l l uminat ion  over  a longer  per iod  o f  t ime 
wou ld  keep the cytop lasmic  a lc ium concent ra t ion  low, 
but  it wou ld  a lso  increase the number  o f  act ivated PDE 
molecu les .  Thus ,  phosphory la t ion  o f  recover in  leads to 
a fur ther  increase o f  GC act iv i ty  in o rder  to  ba lance  
h igher  . . . . . . . . . .  nyuto,y:, , : ,  o f  cGMP.  A f ter  re -open ing  o f  the 
cGMP-gated  channe ls ,  re -entry  o f  ca lc ium leads to 
b ind ing  o f  ca lc ium to recover in  and  consequent ly  to a 
decrease  o f  GC act iv i ty ,  Accord ing  to the cur rent  data  
we cannot  d i sc r iminate  between two a l te rnat ive  routes  
o f  inact ivat ion ,  i.e. b ind ing  o f  ca lc ium to the phospho-  
ry la ted  or  the dephosphory |a ted  fo rm o f  recover in.  
Fur ther  exper iments ,  as well as invest igat ions  concern-  
ing the act iv i ty  o f  (a) poss ib ly  invo lved phosphatase(s ) ,  
are  needed to  shed l ight  on  th is  po int .  
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